An effective mass based model accounting for the conduction band quantization in semiconductor nanotip is developed to describe injected electron transport and subsequent electron emission from the nanotip. A transfer matrix formalism is used to treat electron scattering induced by the variation in the tip diameter and the electron emission. Numerical analysis of the scattering and emission probabilities is performed for a simple diamond nanotip geometry. Our scattering and emission models are subsequently combined with a Monte Carlo (MC) approach to simulate electron transport through the nanotip. The MC simulations, also accounting for the phonon scattering and externally applied electric field, are performed for the nanotip and an equivalent width diamond slab. An effect of the level quantization, electron scattering due to the nanotip diameter variation, and phonon scattering on the nanotip emission properties is identified and compared with the case of the bulk slab.
An effective mass based model accounting for the conduction band quantization in semiconductor nanotip is developed to describe injected electron transport and subsequent electron emission from the nanotip. A transfer matrix formalism is used to treat electron scattering induced by the variation in the tip diameter and the electron emission. Numerical analysis of the scattering and emission probabilities is performed for a simple diamond nanotip geometry. Our scattering and emission models are subsequently combined with a Monte Carlo (MC) approach to simulate electron transport through the nanotip. The MC simulations, also accounting for the phonon scattering and externally applied electric field, are performed for the nanotip and an equivalent width diamond slab. An effect of the level quantization, electron scattering due to the nanotip diameter variation, and phonon scattering on the nanotip emission properties is identified and compared with the case of the bulk slab.
I. INTRODUCTION
Nanostructured cold cathodes are required for applications in flat panel displays, 1-3 flat panel X-ray sources, 4 microwave devices, 5 free-electron lasers and accelerators. 6, 7 Recent progress towards developing a new class of table top free-electron light sources and accelerators imposed a high demand in nanoscaled cathodes. [8] [9] [10] [11] These table top accelerators are driven by short wavelength pulses and their dimensions are 2-3 orders of magnitude more compact than their radio frequency counterparts, therefore high brightness cold or photo cathodes with the capability to produce low divergence and small emittance beams on the nanometer to micron scale are desirable.
The nanoscale control of materials composition and geometry gives large flexibility in exploring possibilities to control electron emission properties of cold cathodes. In this respect carbon nanotube based field emitters received outstanding attention due to their well developed fabrication and characterization technologies, unique charge carrier transport and emission characteristics. 1, 3, 5, [12] [13] [14] Besides carbon nanotubes, the field emission has been studies in nanoparticles, 15 nanowires (NWs), 16, 17 and graphene. 18, 19 Diamond based materials also play central role in developing cold cathodes due to e.g., possibility to achieve negative electron affinity via surface hydrogenation, 20, 21 high structural stability, chemical and radiation damage tolerance, and high thermal conductivity. A variety of nanostructured diamond field emitters have been extensively examined within two major categories such as nanodiamond films and quasi-1D structures. 22 The latter include various assemblies of polycrystalline and/or single-crystal nanorods, NWs, nanotips, and nanopillars. Similar to carbon nanotubes the increase in the emission properties of such 1D structures is attributed to their high aspect ratio resulting in sharp tips facilitating the electric field enhancement and subsequent lowering of the ionization potential. 23 Furthermore, various adsorbed atoms and molecules can support resonance tunneling enhancing electron emission properties of both carbon nanotubes and diamond cathodes. 24 In light of developing high-brightness, low emittance, fast response time, and long-lifetime electron sources, experimental study of secondary electron emission from hydrogen terminated diamond amplified photocathodes have been recently reported. [25] [26] [27] To interpret the experiment, secondary electron generation and transport in diamond has been modeled in 3D. 28 Subsequently, modeling of electron emission from a planar hydrogenated diamond surface accounting for band banding effect, effective mass anisotropy, and the inhomogeneity of electron affinity has been reported. 29 Photocathodes of III-V semiconductors can also be activated to negative electron affinity. 30 In accord with Spicer's 3-step photoemission model, 31 simulations of carriers photoexcitation, subsequent transport simulations, and emission model based on Monte Carlo (MC) method have been reported for doped GaAs bulk slab 32, 33 and layered GaAs structure. 34 These studies also include experimental measurements performed on GaAs structures activated for negative electron affinity via Cs/NF 3 surface passivation and demonstrate a good agreement with the simulation predictions. This opens opportunities for realization of ultrabright (sub)picosecond response time photocathodes based on III-V semiconductors.
Understanding field and photoemission properties of nanostructured diamond and aforementioned semiconductors requires significant modification of the models used for the bulk simulations. The modified models should take into account quantum size effects along with electric field enhancement near sharp geometric features on the nanoscale. An analytical model dealing with the latter effect for parabolic surfaces of a nanotip has merely been reported. 23 In this article, we focus on the former issue by addressing the problem of quantum size arXiv:1901.02183v1 [cond-mat.mes-hall] 8 Jan 2019
FIG. 1. Schematics illustrating quantum scattering of electron from L-segment to R-segment via quantum scattering region C. Incident (black) and reflected (blue) wave functions in L-segment (Eq. (4)) are shown explicitly. Same applies to the transmitted electron wave function (red) in R-segment (Eq. (5) ). C-segment is described using the transfer matrix MLR given by Eq. (7) . effects on electron transport and emission properties in the case of a nanotip geometry. Details on electron injection/photoexcitation process are not considered allowing us to develop a generic approach useful for the modeling both electron field and photo emission dynamics. We propose to model a semiconductor nanotip as a sequence of repeat units each, as shown in Fig. 1 , formed from three co-axial NW segments of decreasing diameters. The left, L, and right, R, segments are assumed to be much larger in size than the electron mean free path. Transport in these segments can be modeled using semiclassical MC methods that account for the electron scattering/relaxation dynamics due to phonons and impurity states. The central, C, segment is assumed to have a length scale smaller than the electron mean free path where the latter scattering processes can be neglected. As illustrated in Fig. 1 , it forms a nanojunction where coherent electron scattering occurs solely due to the NW diameter mismatch. We also assume that the electron emission occurs only from the surface terminating the last NW segment.
Accordingly, in Sec. II a transfer matrix approach is used to derive the transmission and reflection coefficients (i.e., probabilities) associated with the C-segment scattering and electron emission from the surface terminating the nanotip. Subsequent numerical analysis of these coefficients for diamond material parameters is provided in Sec. III. Sec. IV reports the results of MC electron transport simulations in L and R-segments made of diamond in the presence of external electric field. The C-segment electron scattering and electron emission from the surface terminating R-segment of the nanotip are incorporated into the simulations. Sec. V concludes the paper.
II. THEORY OF NANOJUNCTION SCATTERING AND NANOTIP EMISSION
Let us consider a NW segment, s, whose symmetry axis is aligned with the z-direction. An electron wave function in this segment is represented as a plane wave propagating in the z-direction within a subband designated by a set of discrete quantum numbers α Ψ s α (z) = e ±ik s α z |s α .
Here, the electron wavevector is
where E is the total electron energy evaluated with respect to the bottom of the bulk conduction band andm = m * l /m * t is the ratio of the longitudinal (z-direction), m * l , and transverse (radial direction), m * t , effective masses. The transverse quantization of the wave vector, κ s α , arises from the radial component of the envelope wave function represented in cylindrical coordinates {ρ, θ} using Bessel functions of the first kind
with the normalization prefactor N s α = √ 2/[ρ s J n (κ s α ρ s )]. Assuming infinite confinement potential on the NW surface, roots of the Bessel function J n (κ s na ρ s ) = 0, define values of the quantized radial wave vector and a set of quantum numbers α = {n, a} where n is the angular momentum quantum number and a is radial quantum number.
A. Nanojunction scattering model As shown in Fig. 1 , we consider an incident electron wave in the L-segment of radius ρ L entering a narrower (ρ C < ρ L ) segment C and further experiencing the transmission to a narrower segment R of ρ R and reflection back to segment L. It is assumed that the length of the Csegment is |z R − z L | < ξ e where ξ e is electron mean free path allowing us to neglect any phonon and/or impurity assisted scattering processes.
At the boundary of L-segment, an electron wave function, Ψ L αo (z L ), is a superposition of an incident electron wave in α o subband and reflected electron waves into subbands numerated by α with the amplitude r αoα . An electron wavefunction describing transmitted electron states at the R-segment boundary, Ψ R αo (z R ), is a superposition of transmitted electron waves into subbands designated by index γ with the amplitude t γ . Specifically, these wavefunctions read
where |L α and |R γ satisfy Eq. (3) with s = L, R, and δ αoα is the Kronecker delta. As discussed in Appendix A, we matched the boundary conditions for the wave functions Ψ L αo (z L ) and Ψ R αo (z R ) with the electron wave function of segment C. This results in the following block-matrix equation connecting the reflection and transmission amplitudes 
Here, the column on the l.h.s. is a vector with the upper Kronecker δ-block, ∆ αo = [δ αoα ], and the lower block constructed from the the reflection amplitude components r L αo = [r L αoα ]. The column on the r.h.s. is formed from the vector t R αo = [t R αoγ ] and a column of zeros, 0, having the same size as t R αo . Each index α and γ runs within the range of N sb subbands participating in the scattering.
The M LR transfer matrix entering Eq. (6) contains four blocks each of N sb × N sb size. According to Appendix A, this matrix can be evaluated using the following block matrix product
Here, the C-segment transfer matrix blocks are
Bloks of the matrices on the right and on the left contain
, and e iK R z R = diag[e ik R γ z R ] with the electron wavevector components defined in Eq. (2) . Blocks Ω CL = Ω † LC = [ C β |L α ] and Ω CR = Ω † RC = [ C β |R γ ] are constructed from the radial function overlap integrals.
According to the definition of the radial envelope function (Eq. The integral vanishes for different angular momentum states (n = n ), reflecting angular momentum conservation due to the junction axial symmetry. As a result, we consider only the scattering processes between subbands that have common quantum number n but various quantum numbers a and a . Equation (6) can be viewed as two independent sets of linear equations, M LR 11 t R αo = ∆ αo and r L αo = M LR 21 t R αo . Their formal solution using matrix inversion provides the following simple representation for the transmission and reflection amplitudes in terms of the scattering matrix blocks associated with C-segment
Using transmission and reflection amplitudes, we further introduce the transmission and reflection coefficients
respectively. They provide probabilities for the electron transmission and reflection by segment C and satisfy the
expressing conservation of the quantum mechanical probability current. Finally, we need to define expressions for the reflection and transmission coefficients describing scattering of an incident electron in subband α o of R-segment to L-segment and reflection back to the segment R. In this case, calculation of associated transmission, t L αo = [t L αo,γ ], and reflection, r R αo = [r R αoα ], amplitudes should be performed according to Eqs. (9) and (10) where all superscripts R and L are swapped, i.e., R L. The transfer matrix should be evaluated according to Eq. (7) with the same R L index swap including the transfer matrix arguments. The transmission, T RL αoγ , and reflection, R RR αoα , coefficients should be evaluated using Eqs. (11) and (12) with R L and also satisfy condition similar to that in Eq. (13) .
B. Nanotip emission model
As illustrated in Fig. 2 , electron emission is considered in the positive z-direction across NW interface at coordinate z 0 . Our model assumes that for z < z 0 the surface potential is V (z) = 0, radial confinement potential at the NW surface is infinite, and the electron effective mass is anisotropic having transverse m * t and longitudinal m * l components. Accordingly, the radial component of the electron envelope wave function is given by Eq. (3) where for the sake of simplicity the segment index s can be dropped and the angular and radial quantum numbers α = {n, a} are determined as the roots of J n (κ α ρ max ) = 0 with ρ max being the NW radius.
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where H
(1) n is the Henkel function of the first kind asymptotically matching cylindrically symmetric outgoing waves. By requiring conservation of both electron angular momentum and linear momentum in the radial direction while crossing the interface, we set κ α in Eq. (14) to be the same as introduced above for the NW radial wavefunction. Radial normalization prefactor, N α , is evaluated over the NW-vacuum interface whose radius is ranging within the interval ρ min ≤ ρ ≤ ρ max and the angle 0 ≤ θ ≤ 2π. This simplifies the problem to a single α channel electron emission process weighted by the interfacial wavefunction overlap integral
Notice that the lower integral boundary is set to a very small but finite value of ρ min to handle divergent behavior of the Hankel function at ρ = 0.
To find electron emission probability, the scattering theory approach is adopted. For this purpose, we define the emission region to be within the interval of z 0 ≤ z ≤ z v in which V (z) approaches its positive maximum value and further decreases crossing V (z v ) = 0 at z v (Fig. 2) . The NW electron wave function entering the emission region at z 0 is a superposition of incident and reflected electron plane waves weighted with confined radial state |α satisfying Eq. (3) and the outgoing vacuum electron wave at z v weighted with the radial state in vacuum |v α satisfying Eq. (14) . Specifically, these wavefunctions read
with r α and t α being the emission region reflection and transmission amplitudes, respectively. The longitudinal electron wavevector, k α , is given by Eq.
(2) with the superscript s omitted and the emitted electron longitudinal wavevector is
The latter depends on electron mass in vacuum, m e , and total electron energy, E, conserved during the scattering process. Accordingly, this energy can be evaluated from Eq. (2) as
Appendix B provides details on matching the boundary conditions at z 0 and z v for the wavefunctions in Eqs. (16) and (17) using transfer matrix formalism. This calculation results in the following matrix equation connecting the reflection and transmission amplitudes at z 0 and z v ,
The 2 × 2 transfer matrix describing the emission region reads
depending on the overlap integral defined in Eq. (15) and the transfer matrix
elements. Here, the product runs over small intervals along the z-direction numerated by index j. Within each of these intervals, the surface potential is approximated by a rectangular potential barrier with the hight V (z j ). Accordingly, the electron longitudinal momentum enter-ing Eq. (22) is
where the total energy, E, is given by Eq. (19) . Solution of Eq. (20) provides simple expressions for the transmission and reflection amplitudes
Using these quantities, we further introduce the transmission and reflection coefficients
describing electron emission and reflection probabilities satisfying the following quantum mechanical probability current conservation condition
III. ANALYSIS OF SCATTERING AND EMISSION PROCESSES
This section presents results on the numerical analysis of electron scattering at NW junction ( Fig. 1 ) and electron emission from the tip of R-segment (Fig. 2 ). The NWs are assumed to be made of diamond crystalline structures with the [100] valley aligned along the zdirection. The effective mass in this direction is identified as longitudinal and set to m * l = 1.4m e . In the transverse direction, the effective mass is set to m * t = 0.36m e . 29 The nanojunction is characterized by the radii ρ L = 3 nm, ρ C = 2.5 nm, and ρ R = 2 nm and the lengths of Csegment set to z R − z L = 0.5 nm.
Discrete energy values 2 κ 2 α /2m * t associated with the transverse momentum quantization of L-and R-segments are presented in Fig. 3 . These energies represent minima of the conduction electron subbands facilitating electron motion along the NW segments. The plot indicates a rapid (fractions of eV) growths of the energy values as the radial quantum number, a, increases. Observed rapid growth is a consequence of small value, m * t = 0.36m e , of the transverse effective mass. Since ρ L > ρ R , the quantized energy values in R-segment are always larger than those in L-segment given same quantum numbers n and a.
A. Nanojunction scattering
The transmission and reflection coefficients for an incident electron placed into a subband α o = {n o , a o } of either L or R segment and given kinetic energy E z = 2 k s αo 2 /2m * l with s = L, R have been calculated using the formalism developed in Sec. II A. Keeping in mind that the scattering conserves angular momentum, we set n = n o for the transmitted and reflected electron states.
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Calculated probability, i.e., the transmission coefficient, of incident electron within n o = 0 and a o = 1 (n o = 0 and a o = 2) subband of L-segment to be scattered to a subband of R-segment depending on its kinetic energy E z is presented in the left (right) top panel of Fig. 4 . Associated reflection coefficients are given in the lowest row of Fig. 4 . Provided incident electron is in subband a o = 1, the left column of Fig. 4 indicates the following trends: For electron kinetic energy within the range of 0 < E z < 86 meV, the electron gets scattered back into the state a o of the segment L. Once the kinetic energy passes a threshold of 86 meV an efficient transmission channel opens into subband a = 1 of segment R. According to Fig. 3 , the activation energy threshold can be identified as a gap between a o = 1 subband in L-segment and a = 1 subband in R-segment. Thus, observed suppression of electron transmission below the energy threshold can be associated with the energy conservation requirement.
The right panel in Fig. 4 describes the scattering processes from subband a o = 2. The activation energy gap for the transmission to a = 2 subband of E z = 450 meV clearly shows up in the plot. Besides strong reflection back into the a o subband of L-segment, a weak trans- mission to the a = 1 R-subband for E z < 450 meV can be seen. According to Fig. 3 , a = 1 L-subband is lower in energy than the a o = 2 R-subband and, thus, does not have any activation threshold. Observed low values of the transmission coefficient are due to the small values of associated wave function overlap integral (Eq. (8)) at the boundary z L and/or z R . The same explains lack of an efficient reflection to a = 1. Furthermore, weak overlap integrals between the subbands separated by larger energy gaps fully surpass the scattering to those bands as seen in Fig. 4 for E z ranging up to 3 eV. Similar trends are observed for the transmission and reflection amplitudes of incident electron within R-segment as can be observed by comparing Figs. 4 and 5.
Finally, we point out that slow modulation of the transmission and reflection coefficients as E z increases can be attributed to the quantum interference effects within Csegment. The electron wavelength scales as λ z ∼ E −1/2 z . Our estimate shows that the values of E z = 0.1 eV, 1.0 eV, and 3.0 eV corresponds to λ z = 3.3 nm, 1.0 nm, and 0.6 nm, respectively. Taking into account that the length of C-segment, where the interference occurs is set to 0.5 nm, one can see that the variation of the kinetic energy in the range from 0 eV to 1.0 eV results in the electron wavelength values exceeding the region size and making the interference effect negligible. Change of the energy kinetic between 1 eV and 3 eV results in the wave length change from twice of C-segment length to about the same. In this case a slow modulation of the transmission and reflection probabilities can be expected as observed in the plot. Increase of the interference region to ∼ 1 nm which is a typical lengthscale for electron mean The same parameters as in Fig. 4 but incident electron is placed into R-segment and gets scattered to L segment with probability TRL and reflected back to L-segment with probability RLL. free path will slightly shift the interference modulation to low energy but in this case it becomes negligible below 0.5 eV.
To summarize, out analysis shows that, for the adopted parameters, efficient transmission through the NW junction occurs between subbands which are very close in energy. Efficient reflection typically happens for small values of kinetic energy as indicated in Figs. 4 and 5 . Finally, the quantum interference has almost negligible effect on the transmission and reflection coefficients for the size of the interference region comparable with the electron mean free path and electron kinetic energy of hundreds of meV.
B. Nanotip emission
Using the methodology developed in Sec. II B, we model electron emission from the interface between NW R-segment and vacuum. The surface potential is set to have a triangular shape
for z > z 0 . Here χ is electron affinity and F is an amplitude of the electric field externally applied in the zdirection. Assuming that the diamond surface terminating the NW at z 0 has affinity χ = 0.3 eV. 29 Below, the external electric field values are varied within the range of F = 5 MeV to 20 MeV as we focus on the case with a positive potential barrier. For these values, the length of the emission region estimated as z v − z 0 = χ/F varies between 60 nm and 15 nm, respectively. Left column of Fig. 6 shows calculated transmission coefficients for the electron emission from subbands characterized by the angular quantum number n = 0 and the radial quantum numbers a = 1, 2. In the case of a = 1, the curves pick up fast oscillatory behavior around E z = 0.2 eV indicating that the electron experiences scattering at the top of the potential barrier. Taking into account that the electron affinity is χ = 0.3 eV, a source of additional energy of χ − E z ∼ 0.1 eV allowing the electron to clear the surface potential barrier needs clarification. As we demonstrate below, a drastic reduction in the potential energy barrier comes from the effects of the NW band energy quantization and the effective mass anisotropy. The latter has been studied for the bulk-vacuum interface in relation with the transverse momentum conservation. 29 Energy dependance of the transmission (Eq. (26)) and reflection (Eq. (27)) coefficients at the NW-vacuum interface is determined by transfer matrix in the form of Eqs. (21)-(22) that depends on the electron wavevector given by Eq. (23). Since the energy conserves during the emission process, we substitute the energy of the electron within the NW R-segment, i.e., Eq. (19), into Eq. (23). The result is
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where E z = 2 k 2 α /2m * l denotes the incident electron kinetic energy. Remind that α = {n, a} is a shorthand notation for a set of quantum numbers.
Provided the wave vector (Eq. (30)) is imaginary, the electron tunnels under the barrier. Once it become real, the electron clears the top of the barrier and the transmission coefficient acquires the oscillatory behavior. According to Eq. (30), either real or imaginary value of the wavevector depends on whether the incident electron kinetic energy, E z , along with quantized band energy, 2 κ 2 α /2m * t , prefactored by the mass ratio in square brackets is larger or smaller than the surface potential energy, V (z). Further notice that the expression in the square brackets can be zero if m * l = m e or have either positive or negative sign if m * l < m e or m * l > m e . In the adopted case of diamond NW, m * t = 0.36m e results in positive 0.1 eV energy contribution due to the band quantization to clear a potential of 0.3 eV by incident electron having kinetic energy of E z = 200 meV within subband n = 0 and a = 1. For the case of n = 1 and a = 1 the quantized energy contribution doubles becoming 0.231 eV. This further shifts the barrier crossing threshold into the values of tens of meV where the electric field effect becomes comparable. One can clearly see this effect in the upper right panel of Fig. 6 where the fast oscillatory behavior of the curves appears on the mentioned energy scale of E z . In the case of a = 2 and n = 0, 1 (lower raw of Fig. 6 ), the quantized energy contributions exceed the potential energy hight resulting in the non-zero values of T observed even at E z = 0.
Finally, we discuss the effect of the overlap integral, Ω, (Eq. (15)) entering the transfer matrix expression (Eqs. (21)-(22)) on the transmission coefficient. Our calculations indicate that for the case of n = 0 and a = 1 the overlap integral effect on the transmission coefficient is weak and not shown in the associated panel of Fig. 6 . The rest of the panels compare the transmission coefficient calculated using actual values of the overlap integral (solid lines) and Ω = 1 (dash). General trend is that the reduction in the overlap integral from unity to its actual values results in the enhancement of the transmission coefficient for small values of E z followed by subsequent drop as E z increases. Furthermore, our calculations show that vanishing values of the overlap integral for n > 1 make transmission coefficient vanishingly small for these subbands prohibiting electron emission.
To summarize, the analysis above shows that the effective mass anisotropy results in significant lowering of the surface potential by additional contribution of the quantized energy associated with transverse momentum to the incident electron kinetic energy enhancing the electron emission process. The overlap integral reduction from unity restricts electron emission to the subbands with the angular quantum numbers n = 0, 1.
IV. ELECTRON TRANSPORT AND EMISSION SIMULATIONS
In this section, we discuss the results of our electron transport and emission simulations performed for two diamond based NW segments, namely L and R (Fig. 1 
segment.
To perform electron transport simulations in each NW segment, bulk MC device simulation code 35 was modified to run 1D trajectories within quantized subbands. Following Ref. [36] , we implemented a model for electron scattering by the acoustic and optical phonons in NWs. This model along with the bulk electron-phonon scattering model, originally implemented in the code, are briefly summarized in Appendix C. In all simulations discussed below, electrons are initially injected at the left end of Lsegment (i.e., at the coordinate z i ) into a single subband with the kinetic energy satisfying the Boltzmann distribution at the temperature of 300K. An external electric field F ext = 20 MV/m is applied in the z-direction. Using bulk value for diamond dc dielectric constant = 5.7, the field inside is estimated to be F N W = 3.57 MV/m. Trajectoris' run time is chosen such that all electrons are either emitted into vacuum or reflected back to the injection point of NW L-segment.
Electron quantum scattering at the L-R junctions and electron emission and reflection at z 0 are accounted for via transmission and reflection coefficients introduced above. Parameters for these models are the same as in Sec. III. An electron reaching the L-R nanojunction during the MC simulation can cross the junction during a free-flight step. In this case, the transmission and reflection probabilities are cumulated and renormalized for all possible scatterings across the junction into various outgoing quantum states. A random number is generated and compared to the range of the cumulated probability corresponding to each possible scattering selecting the outgoing quantum states. The electron is then either transmitted or reflected and placed either at z R or z L coordinate depending on the scattering direction. Its kinetic energy is updated to conserve the total energy. For the case of electron emission and reflection at the right end of R-segment, similar algorithm is applied. 
A. Transport without phonon scattering
To clarify the effect of the nanojunction and the emission region scattering, results of the simulations performed with the phonon scattering turned off are discussed first. The electrons are initially injected into the n = 1 and a = 2 subband whose bottom energy 2 κ 2 12 /2m * t 0.58 eV (Fig. 3 ). Subsequently, 3 ps trajectories are run and the electron population and energy distributions are recorded at different sampling points.
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Distributions of the kinetic energy, E z , for the forward moving electrons at different points of the nanotip are shown in Fig. 8 (a) . Notice that each distribution has the Boltzmann functional form and is energy upshifted form the initial distribution, f (z i ). The shape of each distribution is preserved because of the vanishing dependance of the transmission coefficients on the energy within the distribution width. The kinetic energy shift of 0.35 eV between distributions at the injection point, z i , and the nanojunction entrance, z L , as well as between the point of the nanojunction exit, z R , and the emission region entrance, z 0 , reflects electrons acceleration by the external electric field. The kinetic energy difference of ∼ 0.2 eV for the distributions describing electrons entering, f (z L ), and exiting, f (z R ), the L-R-junction is the energy difference between the n = 1, a = 2 subband in L-segment and the n = 1, a = 1 subband of R-segment.
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B. Transport with phonon scattering
Given the same, n = 1, a = 2, initial conditions, we now turn the phonon scattering on and examine associated electron trajectories run on the timescale of 4 ps. The normalized electron population distributions are presented in Fig. 9 . Since phonon assisted scattering does not conserve electron angular momentum, we examine population distributions as the function of radial and angular quantum numbers. Panel (a) and (d) clearly show that during the transport through L NW segment, the phonons cause population relaxation down to subbands n = 1, a = 1 and n = 0, a = 1. According to panels (b) and (e), subsequent electron transmission through the nanojunction occurs to the same subbands. In particular n is preserved due to the momentum conservation by the nanojunction scattering. Furthermore. during the transport through R NW segment, electrons further relax to the bottom of the lowest energy band (n = 0, a = 1) and ∼ 99% of the injected electrons get emitted to the vacuum. According to panels (c) and (f) only ∼ 0.7% of the electrons are reflected back to the injection point by the nanojunction.
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bution functions are significantly broadened due to the inter-and intraband population transfer already identified in Fig. 9 . The side peaks appear as the phonon replicas of the main distribution peaks shifted up and down for the energy of the optical phonon quantum. In Fig. 10 (b) , the coincidence between the energy distribution function of the electrons emitted from the subband n = 0, a = 1, f 01 (z v ), with the distribution of all electrons emitted by the nanotip, f (z v ), is also in agreement with Fig. 9 , confirming that the emission occurs from the lowest energy band.
Notice that, in Fig. 10 (a) , the kinetic energy of the electrons entering the emission region, f (z 0 ), (red) is distributed above 0.5 eV. This is above the electron affinity level (χ = 0.3 eV) and according to Fig. 6 has transmission probability value one. Compared to the above case of no phonon scattering in which the emission occurs from the subband n = 1, a = 1 and within the energy range exceeding the χ = 0.3 eV, considered emission probability from the lowest subband n = 0, a = 1 does not show decrease due to the overlap integral effect (Fig. 6 ). This brings us to an important conclusion that the phonon assisted relaxation of electrons during their transport to the emission region facilitates an enhancement of the emission from the nanotip.
C. Comparison of nanotip and bulk emission
To compare the nanotip electron transport and emission properties with those in bulk diamond, we injected the electrons into the lowest energy subband (n = 0, a = 1) of the nanotip. Furthermore, a bulk slab of equivalent, 200 nm, thickness and equivalent crystallographic axes orientation was considered. Electrons were injected at one side of the slab to the bottom of [100] valley forming the same Maxwell distribution as in the case of the nanotip and subsequently accelerated by the same external electric field. The MC device simulation code 35 was used without any modifications adopting a bulk phonon scattering model summarized in Appendix C. The emission from the slab was modeled using the same potential as for the nanotip. In both cases the electron trajectories were run for 5 ps.
According to Fig. 11 (a) , (b), (d), and (e), the electron transport is confined to the lowest energy subband of both L and R NW segments. About 100% of the injected electrons are emitted. According to panels (c) and (f) of the same figure, a negligible amount, 0.02%, of the injected electrons is reflected back. The energy distributions in Fig. 12 reviel weak phonon scattering effect on the electron transport. Phonon scattering rate in a NW depends on the density of final states which scales as ∼ 1/ E z na (van Hove singularity) [Eqs. (C3) and (C6)], where E z na is the kinetic energy of the scattered electrons. Accordingly, sharply peaked density of states behavior results in the scattering only between and/or near the bottom of the subbands. In our case, the interband scattering is suppressed, since electrons do not gain enough kinetic energy to be scattered to the higher energy subbands. Small side peaks (phonon replicas) observed in Fig. 12 reflect this weak intraband scattering. Observed high emission rate has the same origin as in the case of Sec. IV B.
In the case of bulk, 100% of electrons reach the emission region but only 21% of them are emitted. This effect can be rationalized by looking at the kinetic energy distribution of the electrons, f (z 0 ), reaching the emission region presented in Fig. 13 . According to the plot, the phonon scattering has profound effect on the transport by reducing the electrons energy to the range below 0.2 eV. This is below the electron affinity value of 0.3 eV.
Thus, the electrons have to tunnel under the barrier to escape to the vacuum which significantly lowers the emission rate. Compared to the nanotip case, high phonon scattering rate originates from the the scaling of the scattered electron density of states which is ∼ √ E [Eqs. (C1) and (C2)]. In contrast to the sharply peaked van Hove singularity in NWs, bulk square root dependance provides a broad range of states accessible for the scattered electrons.
V. CONCLUDING REMARKS
A semiconductor nanotip scattering and emission model is developed in light of electron field and photoemission processes. Nanojunction and emission transmission and reflection coefficients are numerically evaluated and analyzed for diamond nanotip. The analysis shows that the nanojunction scattering occurs within a narrow range of quantized conduction electron subbands due to the fast decrease of the envelope function overlap integral as the energy gap between the subbands increases. The emission essentially occurs from a single subband. Furthermore, nonlinear dependence of the transmission coefficient associated with the emission region results in the decrease of the emission probability as the kinetic energy of the incident electron increases. Here we point out that surface effects at the emission surface may have additional effect on the overlap integral value and can be accounted for via atomistic models. Consideration of such effects goes beyond the scope of this paper which merely provides general trends associated with the level size quantization. Combining our model with the MC simulations, we have demonstrated that the combination of phonon scattering, quantum size effects, and effective mass mismatch at the emission surface of considered nanotip may result in 100% emission of injected electrons whereas in the bulk the phonon scattering results in significant lowering of the number of emitted electrons. 
